. Purpose: Hyperventilation increases the clearance of carbon monoxide (CO) from blood; thus, we hypothesized that CO elimination would be enhanced with exercise. Accordingly, this study examined the effect of exercise on the half-life of carboxyhemolobin elimination. Methods: Six healthy subjects (three males and three females) with mean T SD ages of 23 T 4 yr were exposed to CO sufficient to raise blood carboxyhemolobin concentration to 10-14% on five separate days. The half-life for CO elimination was measured breathing room air at rest and during exercise at three intensities. Results: Comparisons showed that the half-life decreased with exercise from that during rest in all subjects. The half-life was also measured during 100% oxygen breathing at the lowest exercise intensity of 63 T 15 W and found to be the least of all measured (23 T 4 min). Conclusions: 1) Exercise increased isocapnic ventilation, thereby decreasing the half-life of CO elimination. 2) The half-life of CO elimination represents a hyperbolic function of ventilation [ y = y0 + (a / x)], and so increasing ventilation by exercise reaches a point of diminishing returns. 3) Breathing 100% oxygen during mild exercise is as effective in eliminating CO as treatment with hyperbaric oxygen. 4) Moderate exercise under room air conditions is as effective in eliminating CO as breathing oxygen at rest. Thus, the combination of mild exercise, hyperventilation, and normobaric hyperoxia (100% oxygen inhalation) may be considered the ''triple therapy'' for CO elimination in some patients.
C arbon monoxide (CO) is a poisonous, odorless, colorless gas that is highly soluble in blood. In humans, CO reduces hemoglobin's oxygen (O 2 )-carrying capacity (4) and is toxic for mitochondria by altering the mitochondrial respiratory chain at the cytochrome c oxidase level (1) (see Refs. [10, 19] for reviews). The incidence of unintentional, non-fire-related CO exposures in the United States is 6.2 per 100,000 people (5) . Eighty percent of those exposures occur in the individual's place of residence (5) , with the source of CO attributed mainly to malfunctioning nonelectric heaters (i.e., coal heaters, wood heaters, and gas heaters) and cooking equipment. About 15% had exposure symptoms that were pronounced, prolonged, or systemic and usually required treatment (5) . A further 2% had symptoms that were life threatening or resulted in significant disability (5) .
Current treatment is directed, first at increasing the O 2 delivery to the tissues by maximizing the volume of O 2 dissolved in the plasma and, second, to optimizing the rate of dissociation of CO from hemoglobin, both achieved by normobaric hyperoxia. Still, breathing 100% O 2 at 1 atm increases the rate of CO elimination by a factor of 4-5 at sea level (20) and further by a another factor of 3 at 2.5-3.0 atm, shortening the mean half-time (t 1/2 ) of reduction of carboxyhemoglobin concentration ([COHb] ) to 15-23 min (11, 12) , compared with 3-5 h while breathing room air at rest (11, 12) . Although the clinical efficacy of hyperbaric oxygen treatment is in doubt (2, 14) , it is nevertheless recommended (if available) for pregnant patients and those with cardiac and severe neurological symptoms.
In 1959, Killick and Marchant (8) pointed out that the increases in CO elimination produced by the addition of carbon dioxide (CO 2 ) in hyperoxia were due not to the CO 2 itself but to the CO 2 -induced increase in ventilation. A half century later, Takeuchi et al. (16) showed that t 1/2 decline is a hyperbolic 1 function of minute ventilation (a rectangular hyperbola). They also showed that isocapnic, normobaric, hyperoxic hyperventilation reduced [COHb] as effectively as hyperbaric O 2 (16). Rucker et al. (13) showed that administration of hyperoxia alone resulted in hyperventilation, hypocapnia, and reduced cerebral oxygen delivery. They showed that normocapnia can be maintained during hyperpnea by compensating for the increased alveolar ventilation by adding a complementary volume of about 5% CO 2 to inspired gas (16) . However, there is an alternative to adding inspired CO 2 to maintain normocapnia: exercise. During relatively moderate exercise (ventilation rate = 65 to 70 LImin j1 ), arterial carbon dioxide partial pressure is maintained at normocapnic levels (40 mm Hg) because ventilation is closely matched to the CO 2 production (18, 22) .
We therefore hypothesized that exercise would increase the elimination of CO proportionate to the exercise load. This study was designed to test this hypothesis by measuring t 1/2 in healthy subjects breathing room air at rest (normoxia) and at various exercise intensities. We also measured the t 1/2 in subjects engaging in mild exercise while inspiring 100% O 2 , and hypothesized that CO elimination would be maximized under these conditions.
METHODS

Study Design
The study was approved by the Institutional Review Board of Marywood University, and all subjects provided their written informed consent before the start of the study. The sample size calculation was estimated to be five subjects based on the paired differences in t 1/2 at rest (20) compared with a mild ventilation rate of about 500 mLIkg j1 Imin j1 (16) (substituted for exercise). However, a convenience sample of nine subjects (five males) who were physically active, who were nonsmokers, and who had no known clinical illness and normal hemoglobin levels (women 912.2 gIdL j1 , men 913.7 gIdL j1 ) (3) was recruited to participate in this study. The added subjects recruited were to ensure that at least five subjects completed the study. Subjects were recruited via postings around the university campus between April and September 2011. Each subject participated in six testing sessions on separate days for a period of 3 wk. Sessions 2 to 6. Sessions 2 to 6 were randomized to one of the five conditions: rest, 40%, 50%, and 70% V O 2 R during normoxia and 40% V O 2 R breathing 100% O 2 . At the beginning of these sessions, a 20-G intravenous catheter was inserted aseptically into a forearm vein of the subject and kept patent by a slow intravenous drip of normal saline. After aspirating the dead space fluid from the catheter, blood samples were drawn into in a heparinized syringe (Portex 3-mL line draw syringe; Smiths Medical, Keene, NH). All blood samples were measured by a blood-gas analyzer and immediately analyzed for measurements of venous blood hemoglobin concentration and COHb percentage (ABL80 FLEX Co-oximeter; Radiometer, Copenhagen, Denmark). Blood measurements were also made at baseline.
Methods and Measurements
At the beginning of the study, subjects were asked to periodically inhale to total lung capacity from a 5-L anesthesia bag containing a mixture of 0.3% CO, 10% He, 21% O 2 , and Bal N 2 and then rebreathe this gas for about 10 to 14 breaths lasting about 10 s each. This was repeated 10-14 times, separated by 20-s rest intervals until [COHb] reached 10% to 14%. The [COHb] was measured after every fifth set of rebreathe maneuvers, with blood being drawn after a 3-min stabilization period. This on-gassing procedure took 20 to 30 min. Then, exercise at room air or 100% O 2 commenced. Blood samples were obtained approximately every 10 to 20 min under normoxia and every 5 min under hyperoxia. Sampling continued until [COHb] decreased to half of its initial value. HR, V O 2 , and V E were monitored throughout the session. All cardiopulmonary data and [COHb] values were collected and recorded using commercial data acquisition software.
Primary Data Analysis
For each test, [COHb] versus time was fitted with an exponential decay using a Levenberg-Marquardt fitting technique to determine t 1/2 . Then, for each subject, the relation between t 1/2 from the normoxic rest and the three exercise loads and V E normalized for body weight was fitted with a hyperbolic function 2 using a Levenberg-Marquardt fitting technique. Curve fitting for each individual was performed using custom-written software (LabVIEW; National Instruments, Austin, TX). Curve fitting for the group was performed using Sigmaplot 11.2 (Systat Software Inc., Chicago, IL).
Descriptive statistics are reported as means and SDs. A one-way repeated-measures ANOVA was used to determine whether there were differences in t 1/2 between the different conditions (SPSS Version 19.0; SPSS Inc., Chicago, IL). Similar tests were used to determine whether there were mean differences in other cardiopulmonary parameters (V O 2 , V E , HR, and power output) between the four different levels of oxygen consumption. When a main effect was present, Tukey pairwise comparisons were used to identify differences between specific conditions. For comparison of t 1/2 with those previously reported by another group, t-tests were used.
To determine which factors affect t 1/2 during exercise, we also performed multiple regression analyses using the data obtained from the three exercise intensities (40%, 50%, and 70% V O 2 R) while subjects breathed room air. The independent variables were V O 2 (LImin j1 ), V E (LImin j1 ), weight (kg), age (yr), height (cm), and sex (1 = male, 0 = female) as independent variables. A stepwise model was used to determine which dependent variables most contributed to t 1/2 during exercise. The probability of F to enter was set at 0.05, and the probability of F to remove was set at 0.10. Standardized coefficients were computed to determine the final model. The multiple regression analyses was performed using SPSS Version 19.0 (SPSS Inc., Chicago, IL).
RESULTS
Six subjects (three males) completed all of the testing sessions, whereas another three subjects completed two or fewer of the five sessions. No subjects experienced any adverse events during this study or had had any symptoms of CO poisoning. The anthropometric characteristics of the subjects and their peak values from the cardiopulmonary exercise tests are presented in Table 1 . Table 2 presents the t 1/2 corresponding to the measured V O 2 R (rest, then 40%, 50%, and 70%). The mean peak [COHb] for the six completed subjects was 10.9% T 0.8% for all sessions. The mean day-to-day SD in peak [COHb] for the five sessions per subject was 0.6%. Exercise intensity affected all variables listed in Table 2 under normoxia (P G 0.001, observed power Q0.90 for all). The t 1/2 (mean T SD) at 40% V O 2 R under 100% O 2 inhalation (23.2 T 3.5 min) was markedly less than that at the same workload breathing room air (100.5 T 16.5, P G 0.001, observed power = 1.00). HR did not differ between subjects who were normoxic versus those that were hyperoxic. Figure 1 presents the CO elimination data from one subject with the exponential decay fits. The mean T SD (max-min) r 2 values for these fits were 0.985 T 0.013 (0.999-0.948). The mean T SD t 1/2 for CO elimination as well as other measures for each condition is shown in Table 2 .
The relation between t 1/2 and V E and between t 1/2 and V O 2 under room-air conditions is shown in Figure 2 . A comparison between the t 1/2 for all conditions with repeatedmeasures ANOVA is shown in Figure 3 .
We used the prediction equation from Takeuchi et al. (16) to compare the t 1/2 during O 2 breathing exercise at 30% O 2 uptake reserve with values obtained during isocapnic O 2 breathing at rest. The equation used the ventilations of our subjects during O 2 breathing exercise at 30% O 2 uptake reserve to predict t 1/2 during O 2 breathing at rest (t 1/2 = 21 + 5059 / V E ). A t-test comparison showed that the exercise t 1/2 (23.2 T 3.5 min) was less than that at rest (29.9 T 0.9 min, P G 0.001). Figure 4 shows this comparison.
To further reduce the SEE of the function, we removed the resting data and used only the exercise data for normoxia from the linear part of the curve. Using stepwise multiple linear regression, V E was the first variable entered into the model, resulting in a significant model (adjusted r 2 = 0.22, F(1,18) = 6.2, P = 0.023). This revealed that V E was the best individual predictor of t 1/2 . The stepwise procedure then entered body mass into the model, and no further variables (age, height, gender, and V O 2 ) met the criteria for entry. The final multiple linear regression indicated an overall model using two factors (out of six) that best predicted where t 1/2 is in minutes, body mass is in kilograms, and V E is in liters per minute. Given that there were two predictors and 20 data points in this regression equation, the 95% confidence interval (CI) for the adjusted r 2 was found to be 0.63 to 0.93. The 95% CI for the slope of V E was j1.48 to j0.85, and for weight, the 95% CI for the slope was 1.0 to 1.8. Specifically, 56% of the variance in t 1/2 was accounted for body by mass, whereas 22% of the variance in t 1/2 was accounted for by V E during exercise. Body mass, and therefore total body CO content, was the strongest predictor of t 1/2 between individuals. However, within an individual, V E during exercise was the strongest predictor of t 1/2. This is further supported in that partial correlation relating V E to t 1/2 , controlling for body mass, revealed a strong negative association (r = j0.88, P G 0.001), indicating that a greater V E is associated with a reduced t 1/2 for a given body mass.
DISCUSSION
General. The primary purpose of this study was to test the hypothesis that exercise would increase the clearance of carbon monoxide (CO) from blood compared with the resting state. This hypothesis was based on the known increased CO elimination provided by hyperventilation, with isocapnia maintained by added inspired CO 2 (16) . In this The data are presented as mean T SD unless stated otherwise. The data in brackets indicate range. The data in parentheses indicate 95% CI. All exercise conditions were significantly different from rest. Statistical significance was based on Bonferroni adjustments (P G 0.05). Other cardiopulmonary variables are reported as well. According to the Haldane transformation, oxygen consumption cannot be measured when inspiring 100% oxygen because the fraction of inspired nitrogen is zero. However, oxygen consumption is expected to be similar compared with normoxia because the workload was kept the same between the two conditions. a Significant difference between 40% normoxia versus 40% hyperoxia. study, we used exercise to increase ventilation, whereas isocapnia was maintained by the exercise-induced increased CO 2 production (18) . In the present study, the half-life of CO elimination was reduced significantly by exercise while breathing air. Also, increasing the exercise load above 30% of oxygen uptake reserve offered little benefit in the rate of reduction in [COHb] .
At rest, t 1/2 was 4.8 h, which is within the reported range of 3.0 to 5.3 h measured experimentally in humans (11, 15) . Mild exercise reduced t 1/2 to one-third of this value. And breathing pure oxygen during the mildest exercise reduced the half-life still further to its lowest value of mean T SD = 23 T 4 min. This t 1/2 is significantly lower than that measured in a similar group of subjects using isocapnic hyperventilation at rest to speed the elimination of CO (16) (Fig. 4 ) and similar to t 1/2 in hyperbaric oxygen at 2.5 to 3.0 atm (11, 15) . Indeed, it is shorter than the t 1/2 reported for the standard treatment of CO poisoning with oxygen, which ranged from 26 to 148 min (mean T SD = 74 T 25 min in one study [20] ). Another study also reported halflives that were longer: 92 T 40 min for mechanically ventilated fire victims and 87 T 37 min for spontaneously breathing subjects (9) .
Why might the t 1/2 we observed during hyperoxic exercise be about 7 min less than that observed for a similar group of subjects, isocapnically hyperventilating to the same degree, but at rest (Fig. 4) (16) ? A possible explanation is the increase of cardiac output in exercise that does not occur at rest, which would bring more CO to the lung that can be washed out by the high ventilation. Cardiac output increases little with hyperpnea (17) , at a ventilation of 802 mLIkg j1 Imin j1 (60 LImin j1 ); cardiac output increases only by approximately 1 LImin j1 from that at rest. Because the decrease of the t 1/2 with increasing ventilation reaches an asymptotic value that is not zero, we suggest that this limitation may result from the delivery of CO to the lungs; that is, it is cardiac output dependent. At high minute ventilations, the partial pressure of CO in the alveoli is maintained so low, and the transfer of CO from the capillary blood is so high that the partial pressure of CO in the capillary blood is reduced. At that point, the CO elimination starts to become perfusion limited. Exercise then increases blood flow to the alveoli and maintains a high partial pressure gradient, optimizing the rate of CO clearance through the lung. Thus, the increased cardiac output of exercise may reduce the asymptotic value that the half-life approaches at high ventilations. When we jointly analyze the data from Takeuchi et al. (16) , we find that approximately 80% of the change in t 1/2 in our study is due to increased V E whereas the remaining approximately 20% results from other factors, presumably the chief of which is increased cardiac output (6.7 min / 30.0 min = 0.22). In other words, at that level of V E , CO elimination, on average, is 80% dependent on V E , and up to 20% may be dependent on cardiac output, reflecting the extent of limitation due to perfusion. In support of our hypothesis, Ishida et al. (7) demonstrated, in a dog model, some dependence of CO elimination half-life on cardiac output at high ventilations. Pulmonary capillary dilation and recruitment are enhanced with augmented cardiac output but not with augmented ventilation. For every liter per minute increase in cardiac output, there is a 7-to 16-mL increase in pulmonary capillary blood volume along with an increase of approximately 1.5 to 1.7 mLImin j1 Imm Hg j1 in pulmonary diffusing capacity for CO and a approximately 1 to 2.5 mLImin j1 Imm Hg j1 increase in alveolar-membrane diffusing capacity for CO (measured from rebreathing maneuvers) (6, 21) . In fact, when matched to the same exercising V O 2 in this study, pulmonary diffusing capacity for CO increases by approximately 28% from rest (21) . Thus, the increased pulmonary vasodilation triggered by the rise in cardiac output enhances pulmonary diffusing capacity, which may contribute to t 1/2 . 
